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The discovery of gravitational waves has confirmed old theoretical predictions that binary systems formed
with compact stars play a crucial role not only for cosmology and nuclear astrophysics [1]. As a byproduct
of these and subsequent observations, it is now clear that neutron-star mergers can be a competitive site for
the production of half of the elements heavier than iron in the universe following a sequence of fast neutron
capture reactions known as the r-process. In this article we discuss an effect which has been so far neglected
in calculations of r-process nucleosynthesis in neutron star mergers. We show that the corrections due to the
neutron environment even at relatively small neutron densities, within the bounds of numerical hydrodynamical
simulations of neutron star mergers and after the onset of the r-process, are non-negligible and need to be taken
into account to accurately describe the elemental abundance as determined by observations.
Introduction. The rapid neutron capture process (r-process)
is thought to be responsible for about half of all elements
heavier than iron. However, the properties of the nuclei and
nuclear reactions involved in the r-process are not well known.
Besides, its astrophysical site is not yet clearly identified.
Neutron star mergers and supernova explosions are possible
stellar sites candidates for the r-process, but it is uncertain
which of the two sites are more effective [1–3]. Neutron
star mergers are promising nucleosynthesis sites of heavy ele-
ments, because a large amount of neutron-rich matter is prob-
ably ejected during merger [1–7]. For neutron star mergers,
the ejecta medium has an electron fraction, or electron num-
ber density per baryon density, in the range 0.05 . Ye . 0.5,
irrespective of the equation of state (EoS). This might explain
the r-process abundance pattern for nuclear mass numbers
A & 90 observed in the solar system and in metal-poor stars.
In the case of black-hole (BH) and NS mergers, the dynami-
cal ejecta contains a low electron number density, Ye . 0.1,
and heavy elements A & 130 are produced in the r-process
[8]. But the r-process can create all elements up to A ∼ 250,
beyond the third peak of elemental abundance. It is also pos-
sible that very heavy nuclides with A > 300 can be produced
due to the very neutron-rich environment. Those nuclides are
unstable to spontaneous or neutron-induced fission leading to
a fission cycle that continues until the free neutrons are ex-
hausted [1–8].
In order to calculate the nucleosynthesis in NS-NS or BH-
NS ejecta scenarios one needs to know basic nuclear prop-
erties, such as nuclear masses, β-decay lifetimes, (n,γ) and
(γ,n) reaction rates, and a solid knowledge of nucleon cap-
ture cross sections is needed. A novel phenomenon consid-
ered in this letter is the influence of the neutron density on the
(n,γ) and (γ,n) rates. We show that a substantial reduction
of theses cross sections emerges when the r-process nuclei
are immersed in a neutron background even for the moder-
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ately low densities in the ejecta of the NS mergers. In fact,
simulations have shown that neutron densities up to about
ρ ∼ 10−1 − 10−2ρ0 are possible during the nucleosynthe-
sis process following the merger stage, where ρ0 = 0.16
fm−3 is the nuclear saturation density [9–12]. The conse-
quences of the neutron background on the reaction rates has
not been studied so far. But a full consideration of this phe-
nomenon, using a hydrodynamical simulation coupled to a nu-
cleosynthesis reaction network path, is beyond the scope of
the present work. Our objective is to explore how the pres-
ence of the surrounding neutron medium will impact the cross
sections and, if the impact is shown to be important, it cer-
tainly needs to be considered in a full r-process calculation of
NS-NS or BH-NS mergers.
The neutron capture rates at the very high densities con-
sidered here are probably irrelevant for r-process network cal-
culations. The decompressing neutron star material ejected
from the merger is initially quite dense, but its temperature is
sufficiently high that nuclear statistical equilibrium is proba-
bly achieved. As the temperature and density of the ejected
material drop, nuclear statistical equilibrium will also prob-
ably transition into an equilibrium between neutron capture
and photodissociation. Only when the temperature drops be-
low approximately 0.1 GK the statistical equilibrium will fail,
at which time the astrophysical simulation with assumption
of a uniform neutron distribution, predicts a density of about
10−5 times the nuclear saturation density. Therefore, our re-
sults will only prove to be useful if merger simulations predict
non statistical conditions while high densities prevail. This
cannot be completely ruled out presently.
Theoretical framework. Our approach is based on a stan-
dard nuclear reaction theory. We will consider the total
neutron-nucleus induced cross section usually dominated by
γ emission for low neutron energies. We use the following
expression for the total neutron capture cross section in free
space:
σ(E) = −K
E
〈
χ(+)
∣∣∣W ∣∣∣χ(+)〉 , (1)
where K and E is the center-of-mass scattering momentum
2and energy, respectively, and W is the imaginary part of the
neutron-nucleus one-body potentialU . The neutron scattering
(distorted) waveχ(+) is a solution of the Schro¨dinger equation
for the potential U under the outgoing boundary condition.
With the total reaction cross section, one can easily obtain the
reaction rate by a folding of its energy (velocity) dependence
with the relative velocities of the neutron and the nuclei in the
medium, assumed to follow aMaxwell-Boltzman distribution.
We assume that neutrons from the environment are homo-
geneously distributed around the reacting (neutron+nucleus)
system. These neutrons will be denoted here by background
neutrons (BN). We further assume that the BN are not sub-
stantially affected by the nucleus. This allows one to estimate
the additional potential, besides the neutron-nucleus potential
U , that the incoming neutron feels under the influence of the
BN, which we call an environment mean potential (EMP), as
VEMP (r) =
∫
Ω
AP(r − r′)vnn (|r − r′|) dr′. (2)
Here, vnn is a neutron-neutron (nn) interaction,Ω is a macro-
scopic volume surrounding the reaction system,A is the num-
ber of neutrons insideΩ, andP(r−r′) is a probability density
that one finds neutron at r′ when the incoming neutron is lo-
clated at r. In terms of these definitions, PΩ is a probability
measure of the influence of the BN by the neutrons within a
distance r − r′ inside the volume Ω. Due to the saturation of
the nucleon-nucleon force, the calculation of VEMP converges
quickly for distances s = |r − r′| larger than ∼ 3 fm.
To evaluate P we consider the probability density P to find
particle 1 at r1 and particle 2 at r2 when theA lowest (contin-
uum) single particle (s.p.) states are occupied. Using a Slater
determinant for these states, one gets
P (r1, r2) =
∫
ψ∗(1, · · ·A)ψ(1, · · ·A)dr3dr4 · · · drA
=
1
A(A− 1)
1
2
∑
α,β
|φα(1)φβ(2)− φβ(1)φα(2)|2 ,
(3)
where ψ is an antisymmetrized A-body wave function and φ
denotes a s.p. state. P is normalized as
∫
Ω Pdr1dr2 = 1. The
relation between the two probability densities is
P(s) =
∫
Ω
dr1P (r1, r2). (4)
We assume that each neutron-neutron pair is in a s-wave scat-
tering state with S = 0 and T = 1. At low temperatures, we
can also safely assume that all neutron states in the continuum
are occupied up to the Fermi momentum kF, and the follow-
ing relation with the number density ρ = A/Ω of the BN
arises: 4πk3F/3 = 8π
3A/Ω. Using plane waves for the rela-
tive motion between the neutrons, φα = (1/
√
Ω) exp (ik · r),
it is straightforward to show that for A ≫ 1, the probability
entering Eq. (2) is given by [13]
P(s) = 1
Ω
(
1−
[
3
(kFs)2
(
sin(kFs)
kFs
− cos(kFs)
)]2)
,
(5)
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FIG. 1: The probability due to the environment neutrons, P(s)Ω,
as defined in Eq. (2), is shown for four different values of ρ/ρ0 =
1, 10−1, 10−2, and 10−3 by the solid, dashed-dotted, dashed, and
dotted lines, respectively.
which does not depend on where one of the two particles is
located but only on their separation distance s = |r − r′|.
The Pauli blocking probability due to the BN, P(s)Ω, is
shown in Fig. 1 for four different values of ρ/ρ0 = 1, 10
−1,
10−2, and 10−3 by the solid, dash-dotted, dashed, and dotted
lines. respectively. The Pauli blocking creates an effective
“wound” at the neutron-neutron scattering wave function for
neutron-neutron separation distances s < 2/kF (∼ 1.4 fm at
saturation density ρ0). As seen in Fig. 1, at lower density,
the spatial region affected by Pauli blocking becomes wider
because of the uncertainty principle. Note, however, that the
effect of the BN in the low density limit is negligible because
Eq. (2) is proportional to ρ. If the Pauli principle is ignored,
P(s)Ω = 1 and, equivalently,AP(s) = ρ.
Integrating Eq. (2), and because of the finite range of the
neutron-neutron interaction, one finds that the net effect of the
BN on the neutron-nucleus scattering wave is to effectively
shift the scattering energy E by a nearly constant amount,
E → E + ǫEMP. (6)
Notice that even in the absence of Pauli blocking, medium ef-
fects would have to be present in the classical limit (P(s)Ω =
1). In this case,
ǫEMP → −ρv¯nn, (7)
where v¯nn is the volume integral of vnn. The effect of Pauli
blocking is to reduce this energy shift, allowing the neutrons
to stream more freely within a denser region. This effect is
well known in nuclear physics, justifying the use of the Fermi
gas model to describe some of the gross nuclear properties.
The novel idea in our work is to extend these known features
to the case of neutron-nucleus scattering in the presence of a
neutron background environment.
According to the energy shift approximation introduced
above, the neutron capture reaction rate in a dense neutron
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FIG. 2: The nucleon-nucleon interaction, vnn, as a function of the
neutron-neutron distance r is shown by the thin lines. The effec-
tive interaction, with the effects of the neutron environment, veff
nn
for
ρenv = 10
−1ρ0 is shown by the thick lines. The dotted, solid, and
dashed-dotted lines correspond to the AV8’, Minnesota, and M3Y-
Reid interactions, respectively.
environment is corrected to
〈σv〉EMP =
(
8
µπ
)1/2
NA
(kBT )
3/2
∫
e−E/kBTσ (E + ǫEMP)
×
√
E(E + ǫEMP)dE. (8)
This method allows one to quickly estimate the effects of the
BN in a simple fashion, also highlighting its dependence on
the details of the nucleon-nucleon interaction at short dis-
tances. A very interesting outcome of this result is that, at
very low energies, when σ ∝ 1/v, where v is the neutron ve-
locity, one gets 〈σv〉EMP = 〈σv〉free. The 1/v law emerges
directly from Eq. (1) since the matrix element on its right
asymptotically reaches a constant value as E → 0. Therefore,
at very low energies, Pauli blocking by the environment neu-
trons effectively keeps unchanged the reaction rates, as if the
incoming neutron-nucleus reaction energy remains unaltered.
Application to neutron capture on Ni isotopes. In the fol-
lowing discussion, we consider neutron capture processes by
58Ni and 78Ni by employing the Koning and Deraloche global
optical potential for U , needed to calculate the scattering
waves entering Eq. (1). The choices for these two systems
are not special, but just reflecting standard study cases. Also,
we would like to check if there is any effect due to an increase
of the neutron number of the nucleus. We will conclude that
it does not have a substantial change and that the effect of the
BN on the reaction rate has very general features common to
most neutron-capture reactions in dense environments. Ex-
cept for the extremely low energies of a few eV (thermal neu-
trons), there is also a substantial deviation form the 1/v law,
specially for the energies involved in a stellar environment.
For the neutron-neutron interaction vnn in the (S, T ) = (0, 1)
channel, we use the Argonne V8’ (AV8’) interaction, the Min-
nesota interaction, and the Michigan three-range Yukawa in-
teraction based on the Reid potential (the M3Y-Reid interac-
tion).
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FIG. 3: Energy shift of the neutron-nucleus scattering energy, ǫEMP,
as a function of log
10
ρ/ρ0 The effective interaction, with the effects
of the neutron environment, veff
nn
for ρenv = 10
−1ρ0 is shown by
the thick lines. The three dashed lines correspond to the AV8’, Min-
nesota, and M3Y-Reid interactions, whereas the solid lines are the
energy shifts for the same interactions when the Pauli blocking is
included.
In Fig. 2 the nucleon-nucleon interaction, vnn, as a function
of the neutron-neutron distance r is shown by thin lines. The
effective interaction, with the effects of the neutron environ-
ment, veffnn for ρenv = 10
−1ρ0 is shown by thick lines. The
solid, dashed, and dotted lines correspond to the AV8’, Min-
nesota, and M3Y-Reid interactions, respectively. One sees
that the thin lines largely deviate from each other, while the
difference between the thick lines is quite smaller. This is also
the case with different values of ρ down to ρenv = 10
−3ρ0.
As expected from Fig. 1, the Pauli principle evidently hin-
ders vnn at small distances r, where the differences between
the three chosen vnn interactions are somewhat large. This is
why the interaction dependence is weakened in veffnn. We can
therefore expect that the EMP effect introduced in this work
does not depend strongly on vnn.
In order to assess the influence of the environment BN we
now turn to the neutron-nucleus scattering properties. Fig-
ure 3 shows the energy shift of the neutron-nucleus scattering
energy, ǫEMP, as a function of log10 ρ/ρ0. The meaning of
the lines are similar as those in Fig. 2. But now the dashed
lines show the results without the Pauli principle, that is, they
represent the volume integrals v¯nn of the three vnn multiplied
by −ρ. Comparing the three interactions, the magnitude of
the |v¯nn| for the AV8’ interaction is found to be smallest be-
cause it has the largest repulsive core. Once the Pauli blocking
effect is considered (solid lines), this characteristic feature of
the AV8’ interaction vanishes and the three vnn yield almost
the same ǫEMP. For the other two vnn, Pauli blocking has no
significant effect on ǫEMP for ρenv >∼ 10−1ρ0. At lower ρ,
the “wound” on vnn develops further to larger r and ǫEMP de-
creases significantly. This is the case also with the AV8’ for
ρenv <∼ 2 × 10−2ρ0. Inclusion of the Pauli principle is thus
essential to estimate ǫEMP. An important conclusion stem-
ming from Fig. 3 is that there exist a non-negligible energy
4shift ǫEMP of about 500 (100) keV even at ρenv/ρ0 = 10
−2
(3× 10−3).
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FIG. 4: The integrand in Eq. (8) (a) for 58Ni and (b) for 78Ni, as
a function of the neutron scattering energy E. The temperature is
chosen as T = 0.1 GK and the BN environment densities are varied
from ρ/ρ0 = 0 to 0.05.
We consider now the effect of the environment BN on the
neutron capture rates. In Fig. 4, we show the integrand in
Eq. (8) (a) for 58Ni and (b) for 78Ni, as a function of the
neutron scattering energy E. The temperature is chosen as
T = 0.1 GK and the BN environment densities are varied
from ρ/ρ0 = 0 to 0.05. In each panel, the solid, long-dashed,
dashed, dotted, dash-dotted, and dash-dot-dotted lines, re-
spectively, correspond to ρenv/ρ0 = 0, 7 × 10−4, 3 × 10−3,
9 × 10−3, 1.5 × 10−2, 5 × 10−2. These six densities yield
for the energy shift due to the environment the values of
ǫEMP = 0, 10, 100, 500, 1000, and 5000 MeV in that or-
der. At low finite densities, ǫEMP reduces σ quite signifi-
cantly in the low energy region, while the weighting factor
w ≡
√
E(E + ǫEMP) increases. The change in σ is saturated
at a certain density because the energy dependence of σ for
E >∼ 200 keV is quite small. On the other hand, w keeps in-
creasing as the density becomes higher. Thus, the net effect
of ǫEMP on f is determined by the energy dependence of σ,
particularly at low energies. One sees from Fig. 4 that for the
neutron capture by 58Ni, ǫEMP decreases f for 0 < ρenv <∼
9 × 10−3ρ0 and increases f for ρenv >∼ 9 × 10−3ρ0. On the
other hand, for the neutron capture by 78Ni, f increases for
ρenv >∼ 7× 10−4ρ0.
Finally, we show that the reaction rate 〈σv〉 for n-58Ni and
n-78Ni is substantially modified because of the energy shift
ǫEMP. These rates are displayed in Figs. 5(a) and 5(b), re-
spectively. The horizontal axis is the temperature in units of
GK (109 K) and the correspondence between each line and the
density is the same as in Fig. 4. The behavior of the reaction
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FIG. 5: Reaction rate 〈σv〉 for n-58Ni and n-78Ni changes due to the
energy shift ǫEMP. These rates are displayed in Figs. 5(a) and (b),
respectively. The horizontal axis is the temperature in units of GK
(109 K) and the correspondence between each line and the density is
the same as in Fig. 4.
rates can be understood by looking at the energy shift ǫEMP
dependence of f discussed above. The change in the rate at
ρenv/ρ0 = 5 × 10−2 is significantly large, which becomes
even larger at higher density. It should be noted, however,
that the central assumption made in this work, Eq. (2), will
break down at some value of ρenv when it gets closer to the
normal density ρ0. A more careful treatment of the “back-
ground” neutrons that can be applied to ρenv ∼ ρ0 will be
interesting and important future work. Another remark is that
the change in the reaction rate by the environment BN is ex-
pected for other nuclear reactions of various kinds. The en-
ergy shift ǫEMP will affect cross sections for proton-induced
reactions in a very different way from that we have discussed
here because the Coulomb penetrability dominates the cross
section at low energies. In this case, the energy shift ǫEMP for
(S, T ) = (1, 0) must be evaluated. In addition, resonant cap-
ture processes can be affected by the energy shift ǫEMP signif-
icantly because it allows the reaction system to form resonant
states at higher energies for which it is almost impossible to
reach at the typical temperatures considered.
Conclusions and final remarks. We have considered the
effect of environment neutrons in neutron capture reactions
in dense environments. The effect is similar to that of elec-
trons in dense stellar sites, such as those for which β-decay
is blocked by the presence of the electrons in the final state,
thus modifying the path of the r-process. In contrast to elec-
tron environments, in a dense neutron environment the (n,γ)
and (γ,n) are also influenced by Pauli blocking and our re-
sults cast no doubt that this effect must considered in reac-
tion network calculations for neutron star mergers involving
5equilibrium and non-equilibrium r-processes. A fundamental
difference with the treatment of electron-rich environment is
that the neutron background will also have a decisive influ-
ence in thermal statistical equilibrium conditions. Although
in statistical equilibrium the (n,γ) and (γ,n) cross sections are
not needed, the Pauli blocking of the emitted neutrons in the
(γ,n) process will modify the Saha-like equations for statis-
tical equilibrium. This might be easy to incorporate in de-
tailed calculations by following a similar energy-shift method
as proposed in this article.
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